A robust adaptive control method with full-state feedback is proposed based on the fact that the elbow joint of a seven-function hydraulic manipulator with double-screw-pair transmission features the following control characteristics: a strongly nonlinear hydraulic system, parameter uncertainties susceptible to temperature and pressure changes of the external environment, and unknown outer disturbances. Combined with the design method of the back-stepping controller, the asymptotic stability of the control system in the presence of disturbances from uncertain systematic parameters and unknown external disturbances was demonstrated using Lyapunov stability theory. Based on the elbow joint of the seven-function master-slave hydraulic manipulator for the 4500 m Deep-Sea Working System as the research subject, a comparative study was conducted using the control method presented in this paper for unknown external disturbances. Simulations and experiments of different unknown outer disturbances showed that (1) the proposed controller could robustly track the desired reference trajectory with satisfactory dynamic performance and steady accuracy and that (2) the modified parameter adaptive laws could also guarantee that the estimated parameters are bounded.
Introduction
The elbow joint of a seven-function hydraulic manipulator with double-screw-pair transmission is shown in Figure 1 with the transmission model of a hydraulic-driving oscillating oil cylinder. The hydraulic-driving control system is known to be endowed with a strong nonlinearity [1] , for which the system control is susceptible to the dead band of the servo valve and the spool friction [2] , as well as unmodeled nonlinearity, such as spool abrasion and the leakage of the hydraulic system. Additionally, the system parameters of the hydraulic system are susceptible to the external environment during its working process; for example, the elastic modulus of the oil liquid is easily influenced by the external temperature and pressure. Furthermore, when the manipulator grasps a load with unknown weight for different operating tasks and at different postures, the elbow joint will also be subjected to unknown external interference and influenced by unknown additional inertial mass. During the movement of the underwater-operating manipulator, each of the joints exhibits different linear velocities and angular velocities, together with unknown hydrodynamic coefficients [3] ; thus, the influences of seawater damping on each joint are also unknown.
In summary, the control system of an elbow joint of the seven-function hydraulic manipulator based on a doublescrew-pair transmission shows the following characteristics during its operation: (1) it is a strong nonlinear system; (2) the system parameters are unknown; (3) the system experiences unknown external disturbances.
The PD control method [3, 4] , a linear control method that does not require a physical model, is typically used in conventional hydraulic systems; however, when PD control is directly used in nonlinear systems, the control performance will suffer extensive changes or even introduce instability to the system if the system parameters vary greatly or stabilize over a wide range of parameters [5] . Research has yielded numerous achievements in the development of the nonlinear position-control method of the manipulator joint [6] [7] [8] [9] ; nevertheless, these developments are aimed at controls without consideration of the actuator dynamics, and these control algorithms will no longer be applicable under the coupling of the dynamic state of the hydraulic-driving system and the elbow mechanical system if the dynamic state of the hydraulic actuator system is added.
However, the back-stepping technique, which can provide a systematic closed-loop construction by means of the Lyapunov function, can easily handle the complex coupled dynamics due to its specific design procedure. Benefiting from its ease of implementation and simple configuration, this control method has been widely used for various practical systems [10] , such as marine vehicles [11] , nonholonomic mechanical systems [12] , and manipulators [13] [14] [15] . Conversely, a robust adaptive control method can be combined with the back-stepping technique to ensure the control precision and compensate for the lumped uncertainties.
Thus, the back-stepping technique combined with robust adaptive control method is adopted in this study to control the complex coupled dynamics of the hydraulic system and the elbow mechanical system. The back-stepping technique handles the coupled dynamics well, while the parameter uncertainties and unknown external slowly varying disturbances are effectively compensated for by using the robust adaptive method, leading to a satisfactory control performance.
This paper principally includes three parts. In the first part, the modeling and robust adaptive control methods of the elbow joint of the seven-function hydraulic manipulator with double-screw-pair transmission are described, along with a theoretical proof that the robust adaptive controller shows globally asymptotic stability. In the second and third parts, the validity of the proposed control method was verified using simulations and experiments for the elbow joint of the seven-function hydraulic manipulator of the 4500 m Deep-Sea Working System. A schematic diagram of the elbow system of a sevenfunction hydraulic manipulator with a double-screw-pair transmission is shown in Figure 2 .
Robust Adaptive Control
The system mainly consisted of the elbow body and the servo valve 7, in which the former was principally composed of the angle sensor 1, the elbow cylinder 2, the output shaft 3, the outer screw pair 4, the piston 5, the inner screw pair 6, and other accessories. The sensor, which was connected to the output shaft, was used to detect the rotational angle of output shaft 3 relative to elbow cylinder 4; piston 5 engages with cylinder body 2 via the outer screw pair 4 and with output shaft 3 via the inner screw pair 6 (the screw directions of the inner and the outer screw pairs were opposite). Piston 5 can undergo a displacement of inside cylinder body 1 in response to the oil pressure difference of its two ends; moreover, output shaft 3 can move along a rotational angle of by means of the outer screw pair 4 and the inner screw pair 6. In addition, the supply pressure of servo valve 7 is denoted by , and the return pressure is denoted by , with a coil input current of .
The dynamical equation of the double-screw-pair transmission of the manipulator elbow is
where is the output torque of the elbow output shaft; = 1 − 2 is the pressure difference between the two chambers of the oscillating oil cylinder in the elbow screw pair; is the effective acting area of piston 5, which is a known positive constant; , a known driving constant with a positive value, is the conversion coefficient for the hydraulic force and the output torque.
The dynamical equation of the manipulator elbow is
where is the output oscillation angle of the elbow output shaft 3; is the rotational inertia along elbow output shaft 3, which is a positive load-associated slowly varying variable or invariant with an upper bound and an unknown actual value; is an unknown bounded damping coefficient, which is a positive quantity caused by the joint action of the hydraulic system damping and the external damping; is the unknown external invariable or slowly varying disturbing torque, such as the external load disturbing torque and the friction torque of the elbow screw pair transmission.
The flow continuity equation [2] of the elbow oscillating cylinder with double-screw-pair transmission is
where , a known quantity, is the sum of the total volume of the oscillating oil cylinder and that between the servo valve is the effective elastic modulus of the hydraulic oil, which is a generally positive unknown slow variable and is susceptible to the external temperature and pressure; tm is the total leakage, which is sufficiently small to be ignored in the modeling process for the oscillating oil cylinder.
is the displacement of piston 5; from the structure of the double-screw-pair transmission, we could determine that its relationship with the rotational angle of output shaft 3 is
where , a known positive constant value, is the proportionality coefficient between the displacement, , of piston 5 and the oscillating angle, , of output shaft 3.
The pressure-flow equation [2] of the servo valve is
where is the flow through the valve, which is a function of the spool displacement, V . = √1/ is a known parameter of the servo valve, is the flow coefficient, is the port area of the servo valve, and is the density of the oil liquid.
The equation of the spool displacement, V , could be expressed as a first-order inertial system:
where , a known quantity, is the proportionality coefficient of the input current. The current-voltage equation of the proportional amplifier board iṡ=
where and are the coil current of the servo valve and the input voltage of the proportional amplifier board, respectively, and V , a known quantity, is the voltage proportionality coefficient.
V and are time constants that are much smaller than that of the entire system; consequently, the dynamics of these two components are negligible, which allows (7) to be simplified to a direct proportional component; that is,
where = V . The following hypotheses are indispensable in the controller design.
Hypothesis 1.
The reference trajectory is continuously differentiable, and its third derivatives,̇,̈, and ⃛ , exist.
Hypothesis 2. The velocity of the elbow joint is bounded.
Hypothesis 3. The rotational inertia, , the damping coefficient, , the perturbation, , and the characteristic modulus of the hydraulic oil, , are all slowly changing variables and are bounded, and the sign of the elastic modulus, , is known. 
Robust Adaptive Control Method Study of the Elbow
Here, the design method of the back-stepping controller was used to design the robust adaptive controller.
Step 1. Define [ 1 2 ] = [] ; the system of (9) could then be transformed intȯ1
The following controlled variables were defined as follows.
The tracing error:̃= The relative reference speed:
The relative reference acceleration:
The relative reference speed error:
Equation (16) for the relative reference speed error is actually a filter with the input of and the output of̃; if is properly chosen to stabilize the system,̃will converge to 0 at the exponential convergence of when = 0.
For (11) , the following expected control law, , of is used:
Mathematical Problems in Engineering wherê,̂, and̂are the estimated parameters of , , and , respectively; is the design quantity of the controller, which is a positive constant coefficient.
Thus, is defined as
wherẽis the error between the actual control, , and the expected control, . Substituting (17) and (18) into (12) yields the following:
Substituting (16) into (19) then yields the following:
wherẽ=̂− ,̃=̂− , and =̂− are the parameter estimation errors. The Lyapunov function of (20) is defined as follows:
Substituting (20) into the derivate of (21) with respect to time yields the following:
where Γ , Γ , and Γ are the corresponding estimation gains, which are all positive constants.
The following parameter estimation law was applied:
Substituting (23) into (22) yieldṡ
Wheñ= 0, that is, the actual controlled variable is consistent with the expected virtual control law , the following holds true:̇1
The LaSalle-Yoshizawa [16] theorem states that̂,̂, and are all bounded; we could then obtain the following from Slotine and Li for → 0 [17] :
Step 2. In this step, the corresponding control law must be designed to forcẽ= 0, which could be obtained from (18):
Substituting (12) into the derivative of both sides of (27) with respect to time yields the following:
Equations (5) and (8) indicate that is directly associated with the actual control input, , without any other dynamics between them. As a consequence, could be treated as the actual control input. Let
wherêand̂are the estimations of and , respectively, and is the estimation error of . Define the expected controlled variable, , of as follows:
where 3 is a positive control constant. Substituting (30) into (28) then yields the following:
where the value of is known; the Lyapunov function of the entire system is defined as follows:
where is a positive control constant. Substituting (23) and (31) into the derivative of both sides of (32) with respect to time yields the following:
The parameter estimation law of is defined as follows:
Substituting (34) into (33) yieldṡ
The LaSalle-Yoshizawa [16] theorem indicates that
According to Slotine and Li [17] , we obtain the following for → 0:̃→ 0,̇→ 0.
If we define = [̃̃̃̃̃] , then
Because the derivative of the Lyapunov function is negative definite, ( ) ≤ (0) and
where
where and are the minimum and maximum characteristic roots of the matrix, respectively [18] . Therefore,̃,̃,̃,̃, and are all bounded. When the actual required flow, , is determined using (30), we obtain = V √ − sgn( V ) from the flow equation (5), wherein the symbol of the input V is the same as that of ; thus,
Substituting (41) into (8) yields the following: (17), (30), and (42) and the parameter estimation law of (23) and (34), the elbow hydraulic control system of the manipulator is globally asymptotical stable. 
Theorem 1. With the control input of

Simulation Study of a Robust Adaptive Control Method of the Elbow Joint of a Seven-Function Hydraulic Manipulator with Double-Screw-Pair Transmission
To validate the proposed control method described in this paper, a simulation study was conducted that focused on the slave elbow joint of the seven-function master-slave hydraulic manipulator system for the 4500 m Deep-Sea Working System. The nonlinear simulation model of the hydraulic manipulator elbow was established in Matlab/Simulink using the system parameters in Table 1 and the control system simulation parameters in Table 2 for the simulation. The parameters in Table 1 were based on the actual parameters of the elbow and were fixed quantities, whereas those in Table 2 were the simulation parameters and could be adjusted based on the actual need.
The system equations (10), (11), and (12) indicate that the elbow control system of the hydraulic manipulator is a three-order system; thus, a prefilter could be used to generate the third derivative of the input signal during the control law design or during actual use, and three inertial filters in series with the time constant of 20 ms were used, as shown in Figure 3 .
Parameter estimation is susceptible to other external unknown disturbances, which will then induce the integrator saturation of the estimator [19, 20] , resulting in system instability in accordance with the range of the actual parameters; consequently, the parameter range must be defined for the adaptive parameter estimation. Equation (43), a parameter estimation example of , is based on a method of the modified parameter adaptive law, and the same method could be applied to the modification of the remaining estimations of the parameters:
To verify the effect of the parameter uncertainty on the control system, an outer disturbing torque of 100 Nm was simulated.
Figures 4 and 5 indicate that the robust adaptive controller of the elbow joint of a seven-function hydraulic manipulator could favorably track the control input with a small tracking error. Moreover, it could maintain its strong tracking performance at larger variations of the outer disturbance; that is, the controller was robust in response to unknown parameter changes, and the system correspondingly varied only in the control input ( Figure 6 ) and the parameter estimation (Figure 7) , wherein the parameter estimations were all bounded.
Experiment on the Robust Adaptive Controller of the Elbow Joint of a SevenFunction Hydraulic Manipulator with Double-Screw-Pair Transmission
A P4 processor operating at a frequency of 2.8 GHz and with a NI 6229 PCI data acquisition card and the real-time operating system Matlab XPC were used in the experiment, as shown in Figure 8 . In this figure, the left upper picture shows the manipulator, the right upper picture shows the proportional valve and the amplifier board, and the right lower corner shows the host running the real-time system. The controller generated in the simulation verification described in the previous section could be downloaded directly to the realtime kernel to run on XPC with this experimental platform. A Wandfluh type directional 4/3-way proportional valve NG3-Mini was used, which was characterized by high resolution, low hysteresis (≤5%), and a wet proportional electromagnet. The system parameters of the elbow joint of the hydraulic manipulator are listed in Table 1 , and the controller parameters are listed in Table 3 .
Because the actual elbow joint was not equipped with an angular velocity sensor, the angular velocity was determined via the differentiation of the position. Nevertheless, the angular velocity obtained as such was easily affected by noise pollution, which would then influence the control effect.
The experiment was conducted in two steps: (1) the actuator did not grasp an object at the claw end, and the resulting experimental curves are shown in Figures 9, 10 , 11, and 12; (2) the actuator at the claw end grasped an object 30 kg in mass with a certain eccentricity to the rotary shaft of the wrist, as shown in Figure 13 . The experimental curves are shown in Figures 14, 15, 16 , and 17.
Figures 9, 10, 14, and 15 indicated that the robust adaptive controller of the elbow joint of the double-screwdriving hydraulic manipulator showed favorable convergence properties, with a very small tracking error. When a 30 kg payload was applied as the outer disturbance, the controller's performance exhibited almost no change; that is, it exhibited good robustness. Figures 12 and 17 indicated that the estimated parameters were bounded, while the parameter estimator and the parameter estimator exhibited very serious switching phenomena and saturation phenomena. In the actual application, one can appropriately enlarge the estimation range of these estimators. In addition, Figures 10  and 15 indicate that the tracking error fluctuated and jumped when switching during the motion process of the elbow joint from the largest angle to the smallest angle, and this tracking error was primarily due to the meshing clearance of the double screw structure of the elbow driver. 
Conclusion
(1) In accordance with the hydraulic system dynamics of the manipulator elbow joint and the fluid flow continuity equation, a nonlinear robust adaptive controller based on full-state feedback was established using both the adaptive back-stepping control technology and Lyapunov stability theory. Furthermore, the closed-loop system was theoretically demonstrated to achieve globally asymptotic stability and the estimated parameters were shown to be bounded.
(2) The controller designed was applied to the control of the elbow joint of a seven-function master-slave hydraulic manipulator system for the 4500 m DeepSea Working System; the favorable tracking performance and robustness of the control system were verified via comparative studies of simulations and experiments.
(3) The method proposed in this paper could also be applied to the hydraulic control systems of valvecontrolled cylinders and valve-controlled motors. 
Conflict of Interests
The authors declare that there is no conflict of interests regarding the publication of this paper.
